Silk fibroin (SF) was modified by mixing with gelatin (G) and films coated with different mixtures of SF and G were used to explore if mixing of G in SF could enhance the surface biocompatibility of the natural SF as cell growth biomaterials. Ultrathin films were coated from aqueous SF solutions pre-mixed with different amounts of G. It was found that the stability of SF/G blended films after methanol treatment was greatly improved in physiological conditions compared with pure G films fabricated under similar conditions. G helped smooth the surface morphology of the SF/G films formed. Surface exposed RGD sequences were successfully identified on the SF/G films through specific recognition of an integrin mimicking peptide (bearing the sequence of CWDDGWLC).
Introduction
Attachment, spreading and proliferation of anchorage dependent cells are strongly influenced by surface biocompatibility including surface physical, chemical and biological properties such as structural stability, roughness, wettability, charge, chemical groups and cell-binding ligands [1] [2] [3] [4] . How to mediate the cell-surface interaction remains a big challenge in cell culture, tissue engineering and biomedical applications. For the purpose of enhanced cellular performance, a cell friendly surface coating material is often utilized to provide suitable and consistent support to a population of cells throughout their life cycle.
Silk fibroin (SF) from the domesticated Bombyx mori silkworm is a competitive candidate for such cases not only because it is natural and inexpensive, but also because it has many other unique properties. Earlier studies observed that native SF films had good mechanical strength in the wet state, and high oxygen and drug permeability [5] [6] [7] .
In vivo and in vitro experiments also showed that inflammatory responses to SF films were similar to or less than collagen films [8] . The purification process used to extract fibroin from raw silk disrupts the native crystallised -sheet domains. However, with dehydration treatment methanol heat etc these -sheet structures can be induced and any SF based materials can therefore be reconstituted to be water-insoluble. This is a valuable property for a biomaterial to meet the requirements for long lasting performance in physiological conditions. Although SF on its own was reported to support some mammalian cell growth [9] [10] [11] , the fact that it lacks specific integrin ligands or cell recognition sequences such as arginine-glycine-aspartic acid (RGD) has limited its range of application. On the other hand, Gelatin (G), which is hydrolysed from collagen, shows excellent cell attachment, proliferation and differentiation properties possibly due to its RGD sequences and other cell binding motifs [12, 13] . It is widely used in pharmaceutical and biomedical fields since it is nontoxic, biodegradable, low cost and non-immunogenic [14] . However, because of its brittleness, high aqueous solubility, low strength and uncontrollable degradation rates, G is rarely used alone [12, 14] . A possible compromise would be to combine these two naturally occurring polymers together for enhanced stability and biocompatibility.
Several previous studies have shown potential for SF/G blends as films, scaffolds and hydrogels for tissue engineering and controlled drug release [13] [14] [15] [16] [17] [18] [19] [20] . So far the reported SF/G films have often been cast by drying the mixture on polystyrene plates at a mild temperature overnight or up to several days [14, [18] [19] [20] . This generates a relatively thick film with lack of control of the surface properties. In contrast, we have developed a spin coating method that can fabricate ultrathin SF films. The thickness and morphology of the films can be precisely controlled, thus providing quick and reproducible production of films. In this study, the same method was used to fabricate a series of SF/G blended films at the nanometre scale. Their stability, secondary structures, morphology and performance for culturing mouse embryo fibroblasts were investigated. The aim of this work was to find out the optimal ratios of the SF/G blends for enhanced stability and cellular responses as well as to demonstrate the potential for these well controlled ultrathin SF/G films as new biocompatible surface coating materials.
Materials and methods

Materials
Bombyx mori raw silk was donated by a silk reeling manufacturer in Jiangsu Province in China. Gelatin powder from porcine skin (Type A, ~300 g bloom) was obtained from Sigma-Aldrich. All the other chemicals used in this study were purchased from Fisher Scientific or Sigma-Aldrich if not specified.
Preparation of regenerated silk fibroin solution
Raw silk was degummed in boiling aqueous 0.5% (w/v) Na2CO3 solution for 30 minutes, followed by rinsing with distilled water. This degumming process was repeated twice, followed by drying of the degummed silk fibres in a drying cabinet at 37 °C for 2 days.
The degummed silk was dissolved at 60 °C for 4 hours (under mild stir) in 9.3 M LiBr solution (about 16% (w/v)). The resulting solution was then dialysed against Elgastat ultrapure (UHQ) water for approximately 5 days, in 2 kDa molecular weight cutoff dialysis tubing at room temperature. The dialysis water was frequently changed, until the electric conductivity of the dialysis solution matched the pure UHQ water for more than 12 hours. The successful removal of LiBr was also confirmed by X-ray photoelectron spectroscopy experiments, in which both elements of Li and Br were not observed on the electron spectra. To facilitate longer storage, the solution after dialysis was lyophilised into powder and kept in the fridge at 4 °C . The lyophilised powder is readily dissolvable in water for future use.
Fabrication of SF/G films
Both SF and G powders were dissolved in PBS buffer (pH 7.4) at 4 mg/ml separately and sterile-filtered with 0.2 µm syringe filters as stock solutions. All sample solutions were then made at 4 mg/ml by adding G stock solution into SF stock solution at the contents of 0.625%, 1.25%, 2.5%, 5%, 10% and 20% (w/w). Films were coated on silica <111> wafers (1.2 cm ×1.2 cm) for the stability test and on sterilised glass wafers (diameter:
13 mm) for cell culture with a specially designed spin coater (WS-400-6NPP-LITE; Laurell, USA) running at a speed of 3000 rpm for 20 seconds. Pure and modified SF films were immersed in methanol for 10 minutes to stabilise the films by inducing -sheet formation. All films were then rinsed by flowing UHQ water for 45 seconds, dried by N2 and vacuumed overnight.
Film thickness and stability
A Jobin-Yvon UVISEL phase modulated spectroscopic ellipsometer was used to measure the thickness and stability of the SF/G films. Coated silica wafers were immersed in PBS culture buffer (Sigma-Aldrich) for 8 days at 37 °C . Each day the wafers were taken out, dried with N2 and measured in air. When measurements were finished, the wafers were put back to PBS buffer. The experimental data was analysed by the software DeltaPsi II.
Secondary structures
The secondary structures of the SF/G films with or without methanol treatment were characterised by a Fourier -transform infrared (FTIR) spectroscopy attached with a special attenuated total reflectance (ATR) cell enabling direct ATR measurement at the solid (ZnSe crystal)/D2O interface (Nicolet 6700, Thermo Scientific, USA). Each protein film was fabricated by covering the ZnSe crystal surface with the relevant protein solution (mixed or pure solution made in D2O, 10 mg/ml, pH 7). After 20 min, the solution was removed, followed by methanol treatment to the surface adsorbed film for 10 min. After the methanol removal, the surface was then dried for about 30 min, followed by filling the cell with D2O. ATR measurements were performed in the transmission mode with a nominal resolution of 4 cm -1 and 64 scans for each experiment. The recorded wavenumber ranged from 400 to 4000 cm -1 . Background measurement (in the presence of D2O) was taken before the protein sample was mounted and this background was subtracted from the sample readings. The average film thickness following such treatment was found to be around 10 nm from samples coated on an optically flat silicon wafer measured by spectroscopic ellipsometry. But note that such film preparation could lead to relatively large variations in film thickness and uniformity, though good enough for ATR measurements.
Surface morphology
Surface analysis of the SF/G films was carried out using an atomic force microscope (AFM) (Nanoscope IIIa, Digital Instruments, USA) in the tapping mode with an oxidesharpened Si3N4 tip mounted on a triangular cantilever with spring constant of 0.58 N/m (specified by the manufacturer). Images were taken in air at room temperature and flattened as required. Average values of roughness were analysed using the software Nanoscope 7.20.
RGD epitope identification
The RGD motifs on the surface of SF/G films were identified using an integrin mimicking RGD-binding peptide CWDDGWLC-biotin [21, 22] penicillin/streptomycin and were incubated in a humidified atmosphere with 5% CO2 at 37 °C . Cells were passaged every 3 days when approximately 80% confluence was reached.
Cell morphology
For morphological observation, 3T3 fibroblasts were seeded on coated glass wafers Then the cells were incubated in phalloidin solution for 20 minutes.
MTT assay
tetrazole assay was performed on T cells )t is an indirect method to assess cell viability and proliferation since the activity of enzymes in mitochondria reduces the MTT to formazan crystals Upon dissolving in DMSO the solution shows a purple colour which can be quantified to equivalent cell number viability by colorimetric assay at the wavelength of nm
Statistical analysis
Single factor analysis of variance (ANOVA) was used to assess the statistical significance of MTT assay results between groups. The data was shown as the mean ± standard deviation (n=3). The statistical analysis was performed with the software SPSS 16.0 at the confidence levels of 95% and 99%. According to the previous research, immersion of such ultrathin films in the absolute methanol gave the optimal outcome in terms of both stability and time efficiency.
Results and Discussion
Secondary structures and stability of SF/G films
ATR-FTIR spectra (Fig. 1) show that after methanol treatment, amide I peak (C=O stretching) of the SF film shifted from 1645 cm -1 to 1622 cm -1 , which is a strong indication of the conformational transition from random coils to -sheets [39] . The pure G films before (data not shown) and after methanol treatment diplay the amide I peaks at the same wavenumber of 1653 cm -1 , which indicates methanol has little or no effect on gelatin. The blended SF/G films upon methanol treatment show signature peaks of both the methanol treated SF film (1622 cm -1 ) and G film (1653 cm -1 ), however, these peak intensities respond to the proportion of the two proteins within the blended films.
There is also a pronounced peak around 1460 cm -1 which is most likely to be the amide II peak (N-H bending). Beacause the protein films were very thin, the material in it is strongly confined by the substrate and this explains why the peak position shifted to the lower wavenumber than what have been reported in the literatures [29, 30] .
Gelatin is a water-soluble heterogenous protein mixture derived from collagen. By blending G with SF followed with methanol treatment the crystallised -sheet structures were clearly able to retain G and prevent it from dissolving into the buffer. Fig. 2 shows the stability of the SF/G films in physiological conditions. Methanol treatment was performed on the SF film and the blended films but not on the G film. The thicknesses of the spin-coated films were roughly 10-12 nm for the SF based films and 28 nm for the G film All the films were then immersed in Dulbecco s PBS buffer at °C for 8 days which mimicked cell culture conditions. The SF films and blended films showed good stability over time. Although there was some decrease in the surface excess for the film with high ratios of G content (e.g. 20%, w/w) during the first day, the remaining parts were stable. In contrast, the G film alone was largely solubilised in buffer within hours. In fact, as proposed by Gil et al. [30] , the SF/G blends upon SF crystallisation could yield physically cross-linked interpenetration networks in which G exhibits a triple helix structure at ambient temperature. The abundant hydrophobic crystallised SF serves to protect G from the full exposure to the aqueous environment and thus lock it within the network. A previous thermal calorimetry study [29] demonstrated that increasing crystallised SF content from 0 to 75% (w/w) in the SF/G blends increased the transition temperature of G going through the helix to the coil state (i.e. gel to liquid) from 35 °C to 50 °C (peak value). This shift can also explain the mechanism of how SF stabilises G. Namely, apart from shielding G from directly contacting water molecules, crystallised SF can maintain G in the more stable conformation of triple helical structures at elevated temperatures (e.g. 37 °C ).
Surface morphology of SF/G films
The surface morphology of spin-coated SF/G films was characterised by AFM in the tapping mode (Fig. 3) . All the SF based films were methanol treated, water rinsed and N2 dried. This procedure turns a spin-coated SF film into a rougher surface. The clustering on the surface indicates aggregation of -sheet structures of SF. When G was involved, the shape of each clustering became smaller and more rounded granules were formed. For the film with 20% (w/w) G, the surface was almost completely packed with small rounded granules. The average surface roughness was reduced from 7.1 nm for the pure SF film to 5.8 nm for the 5% (w/w) SF/G film. Further increasing G content to 20% (w/w) only changed the surface morphology but did not reduce the roughness.
This smoothing effect and morphological changes must be related to the involvement of G in the dehydrating process upon exposure to methanol. As previously shown, SF/G films were fairly stable against hydration and hydrogen bonding between SF molecules and also between SF and G molecules must play a role.
In contrast, the surfaces for the spin-coated pure G films were smooth with an average roughness of 0.44 nm, close to the SiO2 surface (0.24 nm). All films were spin-coated at 4 mg/ml. SF based films were methanol treated.
RGD identification
Arginine-glycine-aspartic acid (RGD) is the short peptide sequence found in many ECM proteins that is widely recognised as a cell-binding ligand by at least one type of integrins (receptors) on cell surfaces [4, 31] . RGD-containing proteins (e.g. fibronectin, vitronectin, fibrinogen, laminin, collagen/gelatin) together with their integrins constitute a versatile recognition system for cell attachment, migration, differentiation and signalling [4, 21, 31, 32] . Once immobilised on the surface, such tripeptide motifs promote cell attachment, but when solubilised in solution they can inhibit cells from anchoring [32] [33] [34] . In this work, the SF films were modified by blending with a given amount of G. RGD motifs can be hidden by chain entanglements and -sheet structures, making it unavailable for cellular interactions [22] . Therefore, it is important to confirm the existence of RGD sequences on a given film surface. Surface RGD motifs can be visualized by specific binding of an integrin mimicking peptide (CWDDGWLC-biotin) [21, 22] . The biotin labelled peptide can then be probed by streptavidin-colloidal gold conjugate (Fig. 4) . With the help of silver enhancer or fluorescein label, the RGD binding sites can be observed under the microscope (Fig. 5 and Fig. 6 ). Signs of gold binding were not observed for the pure SF film because SF from domesticated Bombyx mori silkworm does not contain any RGD sequence. However, clear dark spots and fluorescent spots appeared on the SF/G blended films demonstrating the existence of RGD motifs on the film surface. Moreover, the higher ratios of G (10%, w/w) resulted in more RGD surface presentation than the lower ratios (5%, w/w). These RGD motifs can initiate increased affinity between cells and film surface. and cell-cell adhesion [35] . Integrins and cadherins, which are cell adhesion molecules, are often found in the tips of filopodia or along the shafts [36, 37] . Extensive studies proved that initiation and elongation of filopodia are controlled by a key set of proteins such as fascin and myosin-X [35] . Filopodia was only found to exit for the cells on the blended films, which shows that there was better cell interaction for the G modified films. Although the mechanism of filopodia formation in relation to SF/G films and the proteins involved are unknown, the presence of RGD sequences may promote the functioning of the RGD-integrin recognition system.
Fig
Fluorescence micrographs of T fibroblasts growing on SF film modified SF films containing and w w gelatin gelatin film G and polystyrene surface P on day F-actin cytoskeleton was stained by Alexa Fluor phalloidin green and the cell nuclei were stained by DAP) blue Scale bar represents m
Viability of 3T3 fibroblast cells
The viability of 3T3 fibroblasts cultured on different films was evaluated by MTT assay (Fig. 9) . The MTT is a yellow tetrazolium salt which can be reduced to blue formazan by mitochondria enzyme from living cells. The amount of reduced formazan is directly proportional to the cell number, thus, it can also reflect cell proliferation [38] . Statistical analysis revealed that cell attachment (16 h) on the modified SF films containing 1.2%-SF 5% 10% 20% G P 20% (w/w) G and pure G film was significantly better (p<0.05) than that on the pure SF film. On the 4 th day, cells growing on the SF films containing 5%-20% (w/w) G displayed significantly higher viability (p<0.01) than that on the pure SF film. Moreover, cells growing on the SF films containing 10% and 20% (w/w) G had significantly higher viability (p<0.05) than that on the pure G film. Fig MTT results showing the viability of T fibroblast cells on SF film blended films with and w w gelatin and gelatin film G Error bars represent means SD for n p and p indicating significant diffenrece were determined by ANOVA using SF coated films as control similarly p indicates significant difference using gelatin coated films as control
Conclusions
This study reports the successful fabrication of nanometre-scale SF/G blended films using the spin coating method, providing reliable control of film surface structure and composition. The as-cast films show good stability in physiological conditions. 
